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Abstract 
The focus of this research is to develop a first assessment of the impacts of the implementation of CO2 capture technologies in 
the Dutch power sector on the transboundary air pollution (SO2, NOX, NH3, NMVOC, PM10 and PM2.5) levels in 2020. Results 
show that for the power sector SO2 emissions will be very low for scenarios that include large scale implementation of Carbon 
Capture and Storage (CCS). The annual emissions of NOx are estimated to be lower in all scenarios with greenhouse gas 
reductions. However, applying the post-combustion technology on existing power plants may result in higher NOx emissions per 
kWh. Both SO2 and NOx emissions from the power sector are a substantial part of the current national total. Large scale 
implementation of the post-combustion CO2 capture technology may result in more than 5 times higher NH3 emissions compared 
to scenarios without CCS and to other capture options (i.e. pre-combustion and oxyfuel combustion). Particulate Matter (PM) 
emissions are lower in the scenarios with CO2 reduction. A scenario with large scale implementation of the oxyfuel technology 
shows the lowest emissions of PM. In the scenarios with post-combustion capture Non Methane Volatile Organic Compounds 
emissions may increase due to the emission of solvents used in the capture process. The main conclusion is that climate policy 
and air quality policy are entwined and may result in synergies and trade-offs. Quantification of these synergies and trade-offs 
however encompasses inaccuracies due to data uncertainty and knowledge gaps.  
 
Keywords: CO2 capture and storage;  air quality; National Emission Ceiling; criteria pollutants. 
1. Introduction 
Carbon dioxide capture and storage (CCS) has gained increased attention as one of the key strategies for the 
abatement of greenhouse gases in the next decades. In Europe there are several activities at the Member State level 
and also the European Commission is seriously considering the large scale implementation of this option. There is 
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however a lack of attention to the consequences, positive or negative, for environmental themes other then climate 
change that this strategy may have at the local and national level. 
 
Next to climate policies, air quality policies are also being formulated and adapted for the future. In that 
perspective the National Emission Ceiling (NEC) directive by the European Commission is in particular of 
importance. This directive is currently under revision and will set emission ceilings for transboundary air pollutants 
for 2020, or ‘NEC substances’, being: SO2, NOX, NH3, NMVOC (Non Methane Volatile Organic Compounds), 
PM10 and PM2.5. 
 
Large scale implementation of CCS may influence local and transboundary air pollution. However, the 
interaction between CCS as a factor in climate policy and air quality policy is currently unknown. This knowledge 
gap is pursued to be filled in this research. 
 
Large carbon dioxide point sources will be the main application for CO2 capture. They include fossil fuel power 
plants, fuel processing plants and industrial plants such as iron, steel, cement and bulk chemical facilities. The large 
scale power production sector is considered the key sector for CCS implementation and is consequently further 
analyzed. The focus in this research is thus on the capture of CO2 from power plants. The study is however limited 
to the Dutch power sector.  
 
The aim of this research is to develop a first assessment of the impacts of the implementation of CO2 capture 
technologies in the Dutch power sector on the transboundary air pollution (SO2, NOX, NH3, NMVOC, PM10 and 
PM2.5) levels in 2020. 
2. Methodology 
This paper is based on the results of a research [1] in which a more comprehensive comparative evaluation of 
various pre-combustion, post-combustion and oxyfuel capture technology types has been performed with the use of 
an inventory of publicly available data and in-depth interviews with experts (e.g. technology developers) in the area.  
 
A first estimation of the (possible) impacts of the large scale implementation of CCS on air quality in the year 
2020 is made based on the emission factors for the power plants with and without CCS and, on  the vintage mix and 
fuel use of the Dutch electricity park in 2020. For the reference plants (i.e. power plants without CO2 capture) 
emission factors from the Dutch part of the GAINS model of the IIASA have been used [2]. This model is used by 
the European Commission to estimate emissions ceilings following air quality policy strategies that may be adopted 
in the revised NEC directive.  
 
The model includes emission factors for NEC substances for the energy conversion technologies installed in the 
year 2020 in the Netherlands. However, no emission factors are defined for power plants that are equipped with CO2 
capture technologies. Therefore, emission factors (g/kWh, g/MJ) for the NEC substances are gathered from 
literature for power plants with CO2 capture, see also Table 2. These emission factors can not be used directly in the 
analysis because they are based on different reference plants and are not considered to be representative for the 
Dutch power sector. Hence, an Adjustment Factor (AF) is derived that indicates the relative increase or decrease in 
the emission factor of a substance per MJ due to the application of a type of CO2 capture technology.  
 
The emission factors from the GAINS model for the power plants without CO2 capture are then multiplied with 
the Adjustment Factor to acquire a new emission factor (per MJ fuel input) that is differentiated for three energy 
conversion technologies, new or existing power plant, and CO2 capture technology (see Table 1 for more details). 
With this basic approach, a correction is made for the fact that the majority of the gathered emission factors data 
represent foreign power plants for different time horizons, having different energy efficiencies and using fuels with 
varying qualities and compositions. 
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The composition of the electricity park in 2020 as well as electricity supply and the primary energy fuel mix are 
estimated by deploying an energy model for the Dutch energy supply sector. In this research we use the results of 
five scenarios1 developed for the Dutch situation using the linear optimization model MARKAL [3].  
 
These scenarios are: 
• The Business as usual (BAU)  scenario represents the most economical configuration of the power sector 
without climate policy, i.e. no CO2 reduction targets are defined for this sector. 
• The Postponed Action (PA) scenario entailing a 15 % CO2 reduction in 2020 in the power sector compared to 
1990 levels. This scenario incorporates CO2 reduction targets from 2020 onwards. 
• The Direct Action (DA) scenario also assumes a 15 % CO2 reduction in 2020 in the power sector compared to 
1990 levels. The difference with the Postponed action scenario is that in this scenario CO2 reduction targets are 
incorporated from 2010 onwards. 
• The Direct Action- post-combustion gas variant (DA-PC) where all gas fired power plants are directly 
equipped or retrofitted with CO2 capture in the year 2020 whereas the coal fired power plants remain unaltered.  
• The Direct Action – oxyfuel variant (DA-Oxy) where all new built gas and coal fired power plants from 2010 
onwards will be equipped with the oxyfuel combustion concept. Existing coal power plants are retrofitted with 
oxyfuel technology.  
 
Table 1 presents an overview of which energy conversion technologies are installed in the sector under study and 
the installed CO2 capture technologies in each scenario. The estimated fuel requirements in the five scenarios 
developed with the MARKAL model are then multiplied with the for CCS adjusted emission factors to estimate the 
emission levels for the various substances in 2020 from large scale electricity production. The differences between 
the 5 scenarios are presented and discussed in the next section. 
Table 1 Installed technologies in the power sector in the scenarios studied for the year 2020.  
Technology BAU Postponed Action  Direct Action  
Original Post-combustion gas Oxyfuel 
IGCC yes yes yes x x 
IGCC-CCS*** x Pre Pre Pre x 
PC* yes x yes yes x 
PC new** x yes x x x 
PC new with capture x x x x Oxy 
PC capture retrofit x Post Post Post Oxy 
Existing gas* yes yes yes x yes 
Gas new** yes yes yes x x 
Gas new capture x x x Post Oxy 
Gas capture retrofit x x x Post x 
IGCC= Integrated Gasification Combined Cycle; PC = Pulverized Coal (power plant); NGCC = Natural Gas Combined Cycle; Pre = pre-
combustion CO2 capture installed; Post = post-combustion CO2 capture installed; Oxy = oxyfuel technology installed with CO2 capture *Installed 






 These scenarios are all variants of the Strong Europe scenario. In this scenario it is assumed that electricity growth is 1.5% per year until the 
year 2020. 
J. Koornneef et al. / Energy Procedia 1 (2009) 3787–3794 3789
4 Author name / Energy Procedia 00 (2008) 000–000 
3. Results & Discussion 
In this section the results of the inventory of emission factors of transboundary air pollutants as well as CO2 
emissions are presented in Table 2. In Figure 1 the results of the assessment are presented. These are discussed here 
per substance. 
Table 2 Average, minimum and maximum values for the emissions factors per kWh for various energy conversion concepts and CO2 capture 
technologies reported in literature (e.g.[4-10]) 















no-capture IGCC 766 (694-833) 229 (90-580) 64 (40-141)     28 (27-29) 
  NGCC 370 (344-379) 168 (90-262)         
  PC 830 (706-1004) 392 (220-620) 441 (250-1280)  10 10 (9-11) 43 (7-51) 
Oxyfuel GC 10 (0-60)           
  NGCC 8 (0-12) 0  0       
  PC 47 (0-147) 172 (0-390) 25 (0-98)     3 (0-10) 
Post NGCC 55 (40-66) 188 (110-275)    2     
  PC 145 (59-369) 570 (330-770) 8 (1-10)  230   62 (52-74) 
Pre GC 21 (0-42)           
  IGCC 97 (71-152) 209 (100-550) 28 (10-51)     34 (34-35) 
* IGCC= Integrated Gasification Combined Cycle; NGCC = Natural Gas Combined Cycle; PC = Pulverized Coal; GC = Gas Cycle (includes 
oxyfuel concepts not based on conventional NGCC: Water Cycle, Graz Cycle, CLC, AZEP, SOFC-GT). 
3.1. CO2  
The CO2 emissions in the BAU scenario are about 68 Mtonne in 2020. Both reduction scenarios (PA and DA) 
show the same levels of CO2 emission, i.e. 16 Mtonne. CO2 emissions in the DA variants are lower (3-6 Mtonne) as 
there is also more installed capacity equipped with CO2 capture. This holds especially for the oxyfuel variant where 
nearly all electricity is generated by power plants equipped with CO2 capture. The latter two DA variants are 
however not considered to be economically viable. 
3.2. SO2  
SO2 emissions in the BAU scenario are higher compared to the other scenarios. This can be explained by the 
large share of coal fired electricity generation in the BAU scenario. The total emission of SO2 in the CO2 reduction 
scenarios with CCS (PA, DA, DA-PC and DA-Oxy) are estimated to drop significantly, viz. in the order of 1 ktonne 
SO2 instead of 18 ktonne according to the BAU scenario. With that, the contribution of the power sector to the 
national sum of SO2 emissions, which is currently substantial, will also diminish. This due to the implementation of 
IGCC power plants which have low SO2 emissions, either with or without CCS. Furthermore, the application of pre-
combustion CO2 capture in an IGCC is assumed to reduce2 SO2 emissions further due to the enhanced removal in 
the CO2 capture section. In the scenarios with post-combustion capture at coal power plants, SO2 emissions also 
decrease due to the enhanced removal of SO2 that is required for CO2 capture (to avoid poisoning of the solvent used 
for CO2 extraction) and due to additional removal occurring in the capture process itself. In the scenario where 
 
2
 The application of CO2 capture may result in a decrease of the emission of SO2 per MJ but depending on the efficiency penalty may result in 
an increase per kWh. Both increase as decrease per kWh have been reported in literature 
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oxyfuel is installed, SO2 emissions are also estimated to be very low as it is expected that SO2 can be removed with 
high efficiency in this concept. 
 
Figure 1 -Estimated annual emission load of CO2, SO2, NOx, NH3, NMVOC and PM10 in the power sector in the Netherlands in 2020. 
 
3.3. NOx  
NOx emissions from the power sector have an important contribution to the national total. Figure 1 shows that 
NOx is mainly emitted by coal fired power plants in the BAU scenario. In the scenarios with CCS, NOx emissions 
are lower compared to the BAU and are estimated to be the lowest for the PA and DA-Oxy scenario. For the PA 
scenario this can be mainly ascribed to the large scale implementation of IGCC power plants with CCS. The 
application of CO2 capture in an IGCC will, according to the data gathered in this research, decrease the NOx 
emissions per MJ.  
 
NOx emission levels in the oxyfuel variant of the DA scenario are also considered to be significantly lower than 
those in the BAU scenario. This is due to two main assumptions: that coal fired oxyfuel power plants will show 
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is possible. The oxyfuel variant shows no NOx emission from gas fired power plants equipped with CCS as the 
emission factor is assumed to be zero. This can indeed be considered a progressive estimate.  
 
The DA variants with relative large scale implementation of post-combustion CO2 capture technologies show a 
significantly higher NOx emission level compared to the other scenarios with CCS. This is due to the relative high 
emission factors for NOx for existing power plants, both for gas and coal fired. When these power plants are 
retrofitted, the capture penalty leads to an increase in primary energy requirement for the production of electricity. 
And as the NOx emissions per MJ are largely unaffected3 by the implementation of a CO2 capture unit, the result is a 
net increase in NOx emissions per kWh (see Table 2). 
3.4. NH3  
The NH3 emissions for the BAU scenario are estimated in the order of 1 ktonne.  Figure 1 clearly shows a 
significant increase in NH3 emissions reaching about 5 ktonne in the DA scenarios with relative large scale 
implementation of post-combustion CO2 capture technologies. This is due to the high ‘Adjustment Factor’ that is 
applied for post-combustion CO2 capture at coal fired power plants. These NH3 emissions may be caused by solvent 
degradation (i.e. an amine based solvent) that most probably will be used in the post-combustion capture concept. It 
should however be noted that this outcome is based on only one reference from literature [6] and, consequently, the 
uncertainty regarding this estimate is considered to be high. Furthermore, NH3 emissions from solvent degradation 
may be lower as the development of solvents, both new and existing is ongoing. They also may be mitigated by 
adding additional cleaning equipment. 
 
The oxyfuel variant shows about the same level of NH3 emissions as the BAU scenario. This is due to the 
assumption that NH3 emissions (per MJ) are unaffected by the CO2 capture process. This may however be an 
overestimation for the oxyfuel variant, since it is not certain whether an oxyfuel power plant will be equipped with a 
SCR or SNCR4 (the main source of NH3 emissions from power plants). Also, the possibility exists that if an oxyfuel 
power plant is equipped with a SCR the ammonia slip is partially co-sequestered with the CO2.  
 
In the GAINS model a higher emission factor for biomass combustion (3 mg/MJ) compared to, for instance, coal 
combustion (1 mg/MJ) is assumed. Biomass co-combustion is not considered in this research and consequently NH3 
emissions are possibly underestimated in this respect. The co-combustion of biomass in combination with post-
combustion CO2 capture may yield even higher NH3 emissions. This is however a topic for further research. 
3.5. NMVOC  
In this research Adjustment Factors for NMVOC emissions from power plants equipped with CO2 capture could 
not be derived from the gathered literature. Therefore, estimates for NMVOC emissions for the BAU and CO2 
reduction scenarios are merely based on the emission factors derived from the GAINS model. The NMVOC 
emissions are assumed to increase with the increase in primary energy demand by CCS. Note however that the PA 
scenario shows a lower emission level. This is due to the lower emission factor reported for IGCC power plants (1 
mg/MJ) compared to other power generation technologies (2 mg/MJ). Although no quantitative estimates could be 
derived, NMVOC emission may decrease per MJ when implementing pre-combustion and oxyfuel CO2 capture. For 
post-combustion capture NMVOC emissions may increase due to the emission of solvent (e.g. when amine based 
solvents are selected) that is used to separate the CO2 from the flue gas. Co-combustion of biomass is not included 
in the scenarios for 2020. These results may underestimate NMVOC emissions as according to the GAINS database 
combustion of biomass will increase NMVOC emissions.  
 
3
 In the case an amine based solvent is used, a fraction of the NO2 may react with the amine resulting in a reduction of NOx emission per MJ. 
NO2 is however not a dominant component within the total NOx; the main fraction is NO which is expected to be unaffected by the CO2 capture 
process. 
4
 S(N)CR = Selective (Non) Catalytic Reduction; a technology to reduce NOx emissions by converting NOx into N2 with the use of reactants, 
e.g. ammonia 
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3.6. Particulate Matter - PM10 and PM2.5 
Figure 1 shows only the emission profiles for PM10. PM2.5 is namely assumed to represent a constant fraction of 
total particulate matter smaller than 10 μm, i.e. 43% of particulate matter is estimated to be PM2.5 and 57% is PM 10.  
In literature on CCS the distinction between PM10 and PM2.5 is often not made and only PM or PM10 emissions are 
reported. Therefore only the emission PM10 will be discussed here. For the BAU scenario the total PM10 emissions 
are estimated to be 1.6 kt. These emissions are mainly emitted by new and existing coal fired power plants. In the 
scenarios with CCS, the emission of PM10 is considerably lower compared to the BAU scenario. This is partly due 
to the implementation of IGCC power plants which are assumed to have lower5 emission factors compared to 
pulverized coal fired power plants. For the scenarios with CCS it was assumed that pre-combustion CO2 capture has 
no influence6 on the emission of PM (per MJ) from an IGCC. The capture of CO2 with the use of post-combustion 
and oxyfuel concepts is assumed to have an effect on the emission of particulate matter. In the case of post-
combustion capture the emission of PM per MJ is assumed to be lower. Together with the efficiency penalty due to 
CO2 capture, PM emissions are expected to increase7 per kWh (see also Table 2). Oxyfuel coal fired power plants 
with CO2 capture are expected to have significantly lower PM emissions. This is partly due to the enhanced removal 
efficiency of the ESP8 that is possible during oxyfuel combustion. Further, PM may be partially co-sequestered with 
the CO2 stream. Another possibility is that it will be vented from the CO2 treatment section which results in the 
emission of PM into the atmosphere. Overall, this results in the estimation that PM emissions are the lowest in the 
oxyfuel variant of the DA scenario, about 0.1 ktonne PM10. The post-combustion gas variant of the DA and the 
original DA scenario show the highest PM emissions of the scenarios with CCS, i.e. 1 ktonne PM10.  
3.7. Limitations of the methodology 
Emission factors presented in the literature for energy conversion technologies with CO2 capture are most often 
based on assumptions and not on measurements. The estimated emission factors and the derived Adjustment Factor 
used in this research should therefore in general be regarded as estimations made by experts rather than exact 
emission measurements. Applying these Adjustment factors on the emission factors used by the IIASA in their 
GAINS model to estimate the emission factor for power plants equipped with CCS brings forth uncertainties as well. 
By applying the Adjustment factor we implicitly assume that the reference technologies (i.e. IGCC, NGCC and PC 
without CCS) in the consulted literature have on average the same technological configurations (e.g. emission 
reduction techniques and their removal efficiencies) as the technologies defined in the GAINS model (i.e. IGCC, 
NGCC and PC without CCS). As this is not the case, the estimation of emission factors with this method leads to 
uncertainties in the estimation of levels for NEC emissions in 2020. 
4. Conclusion   
The aim of this research was to inventory and assess the impact of the implementation of CO2 capture 
technologies in the Dutch power sector on the transboundary air pollution levels in 2020. The main conclusions are 
that SO2 and NOx emissions from the power sector are the most relevant for the national emission ceiling compared 
to the other pollutants, which have a relative small contribution to the national total. SO2 emissions are estimated to 
be very low for scenarios that include large scale CCS implementation in 2020 (a factor 18 lower compared to the 
BAU scenario). The annual emissions of NOx are estimated to be lower in all scenarios with greenhouse gas 
 
5
 It should however be noted that for the IGCC power plants the average of emission factors from the gathered literature has been used instead 
of the emission factor for IGCC included in the GAINS model. The reason for this is that the PM emission factors reported in the GAINS model 
where higher for IGCC power plants than for pulverized coal fired power plants. This is not considered to be in line with the knowledge present 
in the literature.  
6
 According to the literature it may be possible that PM emissions, in specific PM2.5 emissions, will be lower due to the enhanced capture of 
sulphur compounds from the syngas, which is expected to reduce the formation of sulphates, which are characterized as PM2.5. 
7
 In the literature the assumptions on this matter vary considerable; on the one hand, some scholars assume a deep reduction of PM due to the 
application of post-combustion CO2 capture; on the other hand, other scientists assume that it will not have an effect on PM emissions. 
8
 Electrostatic Precipitation 
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reduction targets. However, large scale implementation of the post-combustion technology on existing coal and gas 
fired plants in 2020 may result in higher NOx emissions per kWh compared to the implementation of the other CO2 
capture technologies or no capture. Large scale implementation of the post-combustion technology in 2020 may also 
result in more than 5 times higher NH3 emissions compared to the scenario without CCS and with other CO2 capture 
options, if the issue of NH3 emission control is not addressed. In that case, NH3 from power generation would 
become a significant source to the national total. PM emissions will be lower in all CO2 reduction scenarios 
compared to the business as usual scenario without CCS. In the CO2 reduction scenarios retrofitted coal fired power 
plants with post-combustion capture are expected to have higher PM emissions than IGCC power plants with pre-
combustion. The scenario with large scale implementation of the oxyfuel technology shows the lowest emissions of 
particulate matter. NMVOC emissions from capture technologies are less well known compared to the emissions of 
other pollutants.  
 
The co-combustion of biomass in large scale power plants is not yet taken into account in this research. This may 
have an effect on the emission of NEC substances with and without CO2 capture. Especially the interaction between 
co-combustion of biomass in combination with CO2 capture for the various conversion and capture technologies is 
currently to a large extend unknown.  
 
Despite the fact that limitations of the used methodology and the uncertainties in the underlying data result in 
uncertain estimates, this research is believed to appropriately reflect the current state of knowledge on this topic. 
Work in the near future with an improved methodology will be aimed at screening the impact on the European air 
pollution levels in 2020 of the implementation of CO2 capture technologies in the European power sector. 
 
More research however will be needed, predominantly through emission monitoring programs at pilot and 
demonstration plants, to come to more accurate estimates that are based on actual measurements. 
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